Objective: To evaluate the effects of surgical weight loss on hepatic lipid peroxidation levels and cytochrome P-450 protein expression in patients with nonalcoholic fatty liver disease (NAFLD). Summary Background Data: NAFLD and nonalcoholic steatohepatitis (NASH) affect hepatic cytochrome P-450 (CYP) protein expression and activity, and CYP2E1 may play a role in the pathogenesis of NAFLD and NASH through induction of oxidative stress and lipid peroxidation. NAFLD and NASH are associated with increased systemic lipid peroxidation levels and elevated hepatic CYP2E1 activity, but hepatic CYP3A4/5 activity is decreased. Methods: Liver biopsies from 20 patients with NAFLD who underwent bariatric surgery were obtained intraoperatively and at 15 Ϯ 7 months following surgery. Hepatic malondialdehyde (MDA) levels (a marker of lipid peroxidation), CYP2E1 and CYP3A4/5 protein expression, and steatosis, as a percent of total area, were measured by immunohistochemistry followed by digital image quantitation. Results: Following weight loss, as reflected by reduced BMI (54 Ϯ 9 vs. 37 Ϯ 9 kg/m 2 ; P Ͻ 0.001), features of the metabolic syndrome, grade and stage of liver disease, and liver histology were all significantly improved (P Ͻ 0.01). Hepatic MDA staining (35 Ϯ 18% vs. 23 Ϯ 14%; P ϭ 0.02), CYP2E1 protein content (68 Ϯ 9% vs. 56 Ϯ 11%; P Ͻ 0.001), and steatosis (17 Ϯ 7% vs. 2 Ϯ 3%; P Ͻ 0.001) were significantly reduced following weight loss. CYP3A4/5 protein content was unchanged (57 Ϯ 13% vs. 55 Ϯ 13%; P ϭ 0.433). The reduction in lipid peroxidation was independently associated with changes in CYP2E1 protein expression after bariatric surgery (r ϭ 0.477; P ϭ 0.033). Conclusion: Elevations in hepatic lipid peroxidation and CYP2E1 expression that are seen in NAFLD improve significantly with weight loss induced by bariatric surgery.
N onalcoholic fatty liver disease (NAFLD) has become one of the most common liver diseases in developed countries. Fatty liver encompasses an entire spectrum of disease, from accumulation of lipid (simple steatosis) to the more progressive nonalcoholic steatohepatitis (NASH) associated with fibrosis, necrosis, inflammation, and ultimately cirrhosis. As obesity and metabolic syndrome are both strongly associated with NAFLD, a logical therapeutic avenue for the treatment of fatty liver is weight loss. Indeed, it has been demonstrated that weight loss following bariatric surgery results in significant improvement in features of NAFLD and metabolic syndrome as well as normalization of liver histology. [1] [2] [3] [4] [5] Although surgical-induced weight loss can effectively improve liver histology in NAFLD, the pathogenesis of NAFLD and NASH is not well understood. One hypothesis is that oxidative stress and inflammation, leading to increased lipid peroxidation, may play a central role in the development of NASH. It has been shown that levels of lipid peroxidation are increased in human NASH 6 -9 and suggested that the pro-inflammatory and pro-fibrotic aldehyde end products of lipid peroxidation (malondialdehyde ͓MDA͔ and 4-hydroxynonenal) can potentially account for all of the histologic features observed in NASH. 10 For example, compared with liver tissue from normal individuals and patients with NAFLD, liver tissue from NASH patients demonstrates elevated markers of lipid peroxidation, 7 and there is a significant correlation between hepatic lipid peroxidation levels and hepatic fibrosis in patients across the spectrum of NAFLD. 9 One important source of lipid peroxidation and oxidative stress in the liver is cytochrome P-450 2E1 (CYP2E1), a microsomal enzyme involved in fatty acid hydroxylation that is capable of initiating the process of lipid peroxidation which may be important in the pathogenesis of NASH. Expression and activity of CYP2E1 is increased in human NAFLD and NASH [11] [12] [13] [14] and in animal models of NASH. 15, 16 Although the exact role of CYP2E1 in the pathogenesis of NAFLD and NASH is unclear, it is known that CYP2E1 can undergo futile cycling in the absence of substrates and is therefore capable of producing large amounts of reactive oxygen species, including superoxide anions, hydroxyl radicals, and hydrogen peroxides that can induce cellular injury and/or death. 6 Mechanistic studies have demonstrated a direct link between increased CYP2E1 activity and hepatocyte injury that operates through a pathway involving oxidative stress. This is evidenced by both induction of CYP2E1 with pharmacological agents and overexpression of CYP2E1 producing heightened sensitivity and increased cell death in response to ethanol and fatty acids, and the ability of both CYP2E1 inhibitors and antioxidants to block apoptosis induced by these agents. 17, 18 Although alterations in lipid peroxidation levels and CYP2E1 expression and activity in human NAFLD and NASH have been characterized, little information is available regarding other important CYP enzymes in liver disease and drug metabolism, such as the CYP3A subfamily. CYP3A (including the CYP3A4, CYP3A5, fetal CYP3A7, and CYP3A43 isoforms) is the most abundant CYP in the human body and is responsible for the metabolism of more than 50% of drugs that are currently available. 19, 20 A representative list of medications that are metabolized by the CYP3A family and CYP2E1 is shown in Table 1 . In general, chronic liver diseases such as cirrhosis are associated with decreased clearance of drugs, including several substrates of CYP3A. 21 This is attributed to both decreased blood flow to hepatocytes as well as decreased functional capacity of hepatocytes. Although examination of CYP3A activity and expression in NAFLD and NASH is very limited, Weltman et al reported a decrease in CYP3A immunostaining in liver sections from patients with NASH compared with healthy controls 12 and Leclercq et al have shown that in a nutritionally-induced animal model of hepatic steatosis, lipid accumulation was accompanied by a significant reduction in both CYP3A protein expression and activity. 22 In humans, we recently demonstrated that steatosis is associated with a significant reduction in hepatic CYP3A activity in vitro, but that CYP3A protein expression is unchanged. 23 Additional studies are clearly needed to further characterize hepatic CYP3A protein expression and activity in humans with fatty liver disease.
In the current study, we measured levels of hepatic lipid peroxidation and CYP2E1 and CYP3A protein expression and distribution before and after bariatric surgery-induced weight loss. In this longitudinal study, we also considered patient clinical characteristics (including measures of fatty liver disease and metabolic syndrome), histologic findings, serum parameters, and patient comorbidities and demographics for correlative studies within our well-characterized group of patients.
METHODS
The Institutional Review Boards of the University of Pittsburgh and Indiana University School of Medicine reviewed this study protocol and approved the study as being consistent with the principles of the 1975 Declaration of Helsinki. All patients gave a written informed consent prior to their participation in the study.
Subjects
Patients investigated in this study were previously included in a paper that described in detail the liver histologic changes following bariatric surgery in morbidly obese individuals. 1 Seventy patients planning to undergo weight loss surgery with a pre-existing diagnosis of NAFLD were prospectively identified through the University of Pittsburgh Bariatric Surgery Center Clinical Database, and findings from the first study included striking improvements in hepatic steatosis, inflammation, and fibrosis in concert with a substantial reduction in components of the metabolic syndrome. 1 In this follow-up substudy, a cohort of 20 randomly chosen patients from the original study were included. All patients were diagnosed with NAFLD and had paired liver biopsies at the time of bariatric surgery and subsequently at varying intervals following the surgical procedure. Criteria used to establish the diagnosis of NAFLD included one or more of the following: gross features of fatty liver at ultrasonographic examination, intraoperative visual assessment of the liver, or histologic evaluation of liver specimens obtained at the time of operation. Exclusion criteria included a history of alcoholism (consumption of Ͼ20 g alcohol per day), evidence of autoimmune hepatitis, chronic hepatitis B or C infection, human immunodeficiency virus (HIV), genetic hemochromatosis, alpha 1 antitrypsin deficiency, Wilson disease, or the use of known hepatotoxic drugs. Other exclusion criteria included patients for whom no repeat biopsy was performed, or if the time interval between initial and repeat liver biopsies was less than 3 months.
Surgical weight-loss operations were carried out by the laparoscopic approach in all patients. The operations included Roux-en-Y gastric bypass, laparoscopic adjustable gastric band, and sleeve gastrectomy. The type of operation performed was based on patient preference and, in the rare case of physical factors such as dense intestinal adhesions or a very large liver resulting in an unacceptable 
Serum Studies
Preoperative and follow up studies included complete blood counts, urinalysis, serum chemistries, nutritional indices, and pregnancy test (in women Ͻ50 years old). Liver function tests were analyzed on a Dade-Behring Dimension RXL Chemistry analyzer (Deerfield, IL). Serum parameters included alanine aminotransferase (ALT) and aspartate aminotransferase (AST). Also measured were fasting plasma glucose and biochemical components of the lipid panel including total cholesterol, serum triglycerides, high density lipoprotein (HDL), and low density lipoprotein (LDL).
Anthropometric Measurements and Comorbidities/ Metabolic Syndrome
All patients were evaluated extensively, including a health history, physical examination, and nutritional and psychiatric evaluation. The anthropometric measurements obtained for this study included height, weight, and body mass index (BMI).
All patients were screened for diabetes using the American Diabetes Association criteria, including fasting plasma glucose Ն126 mg/dL. Comorbidities associated with diabetes and obesity were recorded.
The presence of metabolic syndrome was determined based on the guidelines proposed by the Third Report of the National Cholesterol Education Program Adult Treatment Panel (ATP III). 24 The ATP III clinical definition of the metabolic syndrome requires the presence of 3 or more of the following: (a) waist circumference Ͼ102 cm for men and Ͼ88 cm in women; (b) triglyceride level Ն150 mg/dL; (c) high density lipoprotein (HDL) level Ͻ40 mg/dL in men and Ͻ50 mg/dL in women; (d) systolic blood pressure Ն130 mm Hg or diastolic pressure Ն85 mm Hg; or (e) fasting plasma glucose Ն110 mg/dL.
Resolution of comorbidities was defined as normalization of blood pressure (hypertension), fasting plasma glucose (diabetes), and total/LDL/HDL cholesterol and triglyceride numbers (dyslipidemia) to desirable/optimal targets recommended by the ATP III.
Liver Biopsies
Liver biopsies were obtained intraoperatively (near the end of the surgical procedure) and at follow-up percutaneously with the use of the TruCut biopsy device (Bard Maxcore, Covington, GA). Intraoperatively, the TruCut device was advanced through the anterior abdominal wall in the region of the epigastrium, under laparoscopic vision, into the left lobe of the liver. Deployment of the device resulted in the acquisition of at least a 10-mm core of hepatic tissue. Repeat biopsies were immediately taken if specimens were unsatisfactory. At follow-up, liver biopsies were obtained either in the course of second operations such as laparoscopic exploration or laparoscopic cholecystectomy, or percutaneously, ultrasoundguided, in the gastrointestinal department. A 15-gauge biopsy needle (Microvasive, Natick, MA), which allows for a long core of at least 1 cm, was used for the ultrasound-guided technique.
Liver Histology and Immunohistochemistry
Liver biopsies were processed routinely in the clinical histology laboratory. Formalin-fixed, paraffin-embedded histologic sections were stained with hematoxylin and eosin (H&E) and Masson Trichrome stains for microscopic evaluation. The biopsies were evaluated by an experienced hepatopathologist who was blinded to patient characteristics and biopsy sequence. Three features of NAFLD/NASH were graded histologically according to the modified Brunt classification 25 : steatosis, inflammation, and fibrosis. Steatosis was graded on a scale from 0 to 4 according to the amount of fat that was present throughout the lobules: 0, none (Ͻ1%); 1, 1%-25%; 2, 26%-50%; 3, 51%-75%; and 4, Ͼ75%. Inflammation was graded on a scale of 0 -3: 0, none; 1, mild (scattered lymphocytes or small clusters within portal tracts and lobules); 2, moderate (the same as grade 1 but with increased portal and lobular inflammation with lobular macrophages and/or neutrophils); and 3, severe (the same as grade 2 but with more intense inflammation, including several collections of inflammatory cells in the lobules, concentrated around zone 3). Fibrosis was staged on a scale of 0 -4: 0, none; 1, centrilobular pericellular fibrosis; 2, periportal and pericellular fibrosis; 3, bridging fibrosis; and 4, cirrhosis. Liver disease grade (scored from 0 -3 based on the amount of inflammation) and liver disease stage (scored from 0 -4 based on the amount of fibrosis) were also determined by the hepatopathologist. 1 Immunohistochemistry was performed on 4-m thick sections cut from formalin-fixed paraffin-embedded tissue. Briefly, the sections were deparaffinized and heat-induced antigen retrieval was carried out with EDTA in a pressure cooker. Endogenous peroxidase was quenched by incubating with hydrogen peroxidase. Sections were incubated with anti-MDA antibody (Abcam, Inc, Cambridge, MA), anti-CYP2E1 antibody (LifeSpan Biosciences, Seattle, WA), or anti-CYP3A4/5 antibody (Gentest, Woburn, MA) and subsequently with a secondary antibody (EnVisionϩ from DAKO, Carpintenia, CA). The reaction was developed using streptavidin labeled with horse radish peroxidase and DAB as the chromogen. Immunohistochemical staining and steatosis was digitally quantitated and expressed as a percent of total liver biopsy area using SPSS Sigma Scan Pro 5.0 software (SPSS Inc, Chicago, IL).
Statistical Analysis
Basic descriptive statistics, including means, standard deviations (SD), ranges, and percentages were used to characterize the study patients. Because the data lacked a normal distribution, the Wilcoxon Signed Rank Test was used to compare patients before and after bariatric surgery. Spearman rank correlations were used to detect the associations between lipid peroxidation levels, CYP2E1 and CYP3A4/5 protein content, and steatosis and patient clinical characteristics and comorbidities, histologic findings, and serum parameters. Wherever appropriate, stepwise regression analysis was performed to take into account the linear effect of several independent variables predicting the dependent variables (lipid peroxidation levels and CYP2E1 protein content). Statistical analyses were performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). A P value Ͻ0.05 was considered statistically significant.
RESULTS

Patient Demographics and Liver Histology
The patient demographics, comorbidities, and results of the serum studies and liver histology scoring are shown in Table 2 . There were significant reductions in BMI, fasting glucose, lipids, and liver enzyme levels, as well as improvements in comorbidities and liver histology following weight loss. Although most parameters were significantly improved after surgery, there was only a trend for reduction of LDL cholesterol and elevation of HDL cholesterol following weight loss.
In addition to the hepatopathologist's scoring of hepatic lipid content, liver steatosis was also quantitated using H&E staining followed by digital quantification. After weight loss, there was a significant reduction in hepatic steatosis measured both by the hepatopathologist (fat amount score 2.6 Ϯ 0.7 vs. 0.7 Ϯ 0.8; P Ͻ 0.001) and by digital quantification (17 Ϯ 7% vs. 2 Ϯ 3%; P Ͻ Annals of Surgery • Volume 251, Number 6, June 2010
Weight Loss and NAFLD 0.001). Further, there was a strong correlation between these 2 independent measures of hepatic lipid content, both before surgery (r ϭ 0.677; P ϭ 0.001) and when quantitating the reduction in steatosis following weight loss (r ϭ 0.560; P ϭ 0.010).
Immunohistochemical Analyses
Immunohistochemistry and digital image quantification was used to measure hepatic lipid peroxidation and protein content of CYP2E1 and CYP3A4/5 before and after bariatric surgery (Table 3) , and a set of representative images before and after surgery are shown in Figure 1 . Lipid peroxidation, as measured by MDA staining, was reduced 34% after surgery. Steatosis and NAFLD are associated with elevated levels of lipid peroxidation ( Fig. 1 ; Panel A) and this is significantly reduced following weight loss (Panel B). CYP2E1 protein expression was significantly reduced by 17% following weight loss. Prior to surgery ( Fig. 1; Panel C) , there is extensive steatosis surrounded by intense CYP2E1 staining. Following surgery ( Fig. 1; Panel D) , liver CYP2E1 protein expression is significantly decreased. Weight loss did not significantly affect CYP3A4/5 expression. Examination of CYP3A4/5 protein distribution showed that CYP3A4/5 expression is not closely associated with lipid droplets before weight loss ( Fig. 1; Panel E) and has a concentrated, zonal expression pattern following normalization of liver histology (Panel F).
Correlative Studies
Univariate analysis revealed a significant correlation between baseline MDA staining and hepatic steatosis (r ϭ 0.533; P ϭ 0.011), Values are expressed as mean Ϯ SD and as a percent of total liver biopsy area. Figure 2 , stepwise analysis showed that only the change in CYP2E1 protein content was independently associated with changes in lipid peroxidation levels after surgery (r ϭ 0.477; P ϭ 0.033). Univariate analysis showed a significant correlation between CYP2E1 protein expression and CYP3A4/5 protein content before surgery (r ϭ 0.564; P ϭ 0.010), age (r ϭ Ϫ0.747; P Ͻ 0.001), and ALT levels before surgery (r ϭ 0.515; P ϭ 0.020). Upon stepwise regression analysis, baseline CYP3A4/5 protein expression (r ϭ 0.501; P ϭ 0.005) and age (r ϭ Ϫ0.571; P ϭ 0.002) were identified as significant independent predictors of hepatic CYP2E1 protein content before weight loss. For the change in hepatic CYP2E1 protein expression following surgery and weight loss, univariate analysis revealed a significant association with the change in MDA staining (r ϭ 0.475; P ϭ 0.034) and resolution of dyslipidemia (r ϭ 0.634; P ϭ 0.005). As shown in Figure 3 , stepwise analysis identified only resolution of dyslipidemia as an independent predictor of changes in CYP2E1 protein expression following weight loss (r ϭ 0.572; P ϭ 0.013).
For baseline CYP3A4/5 protein content, univariate analysis revealed a significant relationship with only CYP2E1 expression before surgery (r ϭ 0.564; P ϭ 0.010), as shown in Figure 4 .
DISCUSSION
Bariatric surgery has proven to be the most effective tool for substantial and sustained weight loss in response to the current obesity epidemic. 26 According to the American Society for Metabolic and Bariatric Surgery, the number of bariatric surgery proce-dures is rising exponentially from an estimated 16,000 in the early 1990s to an estimated 205,000 procedures in 2007, and this number continues to increase. It is imperative that the effects of this surgery and the resulting weight loss are adequately investigated. The goal of this study was to investigate, in a well-characterized group of patients with NAFLD, the changes in hepatic lipid peroxidation and CYP2E1 and CYP3A4/5 protein expression following bariatric surgery and weight loss. Using immunohistochemical techniques, we were able to observe the levels and protein expression patterns of both CYP2E1 and CYP3A4/5 in liver tissue before and after weight loss and explore associations with several clinical characteristics (including measures of fatty liver disease and metabolic syndrome), histologic findings of liver biopsies, serum parameters, and patient comorbidities and demographics. Overall, we found that hepatic lipid peroxidation levels, CYP2E1 protein expression, and steatosis were significantly reduced following weight loss, but CYP3A4/5 protein content was unchanged.
Not surprisingly, liver histology was significantly improved following weight loss and there were substantial improvements in hepatic steatosis. These findings are in agreement with several previous studies demonstrating that weight loss following bariatric surgery is associated with a reduced prevalence and severity of liver disease. [1] [2] [3] [4] [5] In addition to the conventional method of quantifying steatosis through grading by a hepatopathologist, in this study we developed a novel technique to quantitate hepatic steatosis. Liver biopsies from patients were H&E stained and then subjected to digital image quantification. Using this strategy, we were able to quantitate the percent of the total liver area that contained lipid droplets (steatosis). A diagnosis of NAFLD is made when the liver is found to contain Ն10% fat, while a normal liver should not contain more than 5% fat. Prior to surgery, our NAFLD cohort had an average of 17% steatosis that was reduced by 85% following surgery, to 2%. Furthermore, the strong correlation between our novel measure of hepatic lipid content and the hepatopathologist's grading of liver steatosis, both before surgery and in quantitating the reduction of steatosis following weight loss, reinforces the validity of our method.
The reduction in MDA staining after weight loss was independently associated with changes in CYP2E1 protein expression.
FIGURE 2.
Changes in hepatic lipid peroxidation levels following weight loss are independently associated with changes in CYP2E1 protein expression (r ϭ 0.477; P ϭ 0.033). Lipid peroxidation levels (measured by malondialdehyde ͓MDA͔ staining) and CYP2E1 protein content was measured in liver biopsies taken before and after weight loss by immunohistochemistry followed by digital image quantification and is represented as the percent (%) of the total liver biopsy area that stained positive for MDA or CYP2E1.
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Weight Loss and NAFLD This relationship is not surprising considering the central role that CYP2E1 plays in induction of lipid peroxidation in the liver. 16 This association provides additional support for the hypothesis that elevated hepatic CYP2E1 expression and activity may play a central role in the pathogenesis of NAFLD and NASH through induction of oxidative stress. We also observed a significant reduction in hepatic CYP2E1 protein content following weight loss, confirming previous in vivo findings by Emery et al. 14 Our results are also in agreement with previous animal and human studies demonstrating that NAFLD, NASH, type 2 diabetes, and obesity are all independently associated with elevations in hepatic CYP2E1 expression and activity. [11] [12] [13] [14] [27] [28] [29] The distribution of hepatic CYP2E1 protein in normal liver is confined mainly to acinar zone 3 and induction of this enzyme with alcohol increases CYP2E1 content also in zones 1 and 2. 30, 31 Our results demonstrate a similar pattern, with elevated CYP2E1 immunostaining before weight loss throughout all acinar zones and being highly associated with the distribution of lipid droplets. Following weight loss and a reduction in lipid peroxidation levels and hepatic steatosis, and as NAFLD and liver histology improved, CYP2E1 immunostaining was significantly reduced, but was not completely confined to zone 3 as would be expected in healthy liver. The reduction in hepatic CYP2E1 protein content following weight loss was independently associated with resolution of dyslipidemia. Interestingly, this relationship was not predicted by changes in any of the individual components of the lipid panel examined, likely due to our small sample size. Based on the distribution of CYP2E1 prior to surgery, in direct proximity with lipid droplets, we expected that changes in CYP2E1 protein content after surgery would be associated with changes in steatosis. Interestingly, we did FIGURE 3. Changes in hepatic CYP2E1 protein expression following weight loss are independently associated with resolution of dyslipidemia (P ϭ 0.013). CYP2E1 protein content was measured in liver biopsies by immunohistochemistry followed by digital image quantification and is represented as the percent (%) of the total liver biopsy area that stained positive for CYP2E1. Of the 20 subjects who participated in the study, 18 had dyslipidemia prior to bariatric surgery. After weight loss, resolution of dyslipidemia was observed in 13 patients (72%) but remained in 5 subjects (28%).
FIGURE 4.
Baseline hepatic CYP3A4/5 protein expression is independently associated with hepatic CYP2E1 protein content prior to bariatric surgery and weight loss (r ϭ 0.564; P ϭ 0.010). Hepatic CYP protein content was measured by immunohistochemistry followed by digital image quantitation of protein expression in 20 subjects before and after bariatric surgery-induced weight loss. CYP protein expression is represented as the percent (%) of the total liver biopsy area that stained positive for the CYP protein of interest. not observe such an association, but the significant reduction in lipid peroxidation levels was independently associated with the decreased hepatic CYP2E1 protein content observed after surgery.
Covariate analysis revealed a significant relationship between hepatic CYP2E1 and CYP3A4/5 protein expression before weight loss. To our knowledge, this is the first time that a significant positive relationship between CYP2E1 and CYP3A protein content has been identified in human liver samples. Previous study of the interindividual variation in several cytochrome P450 forms in human liver microsomes revealed that CYP3A is the only enzyme whose content was correlated with total CYP450 content, 32 suggesting that this is not the result of a nonspecific up-regulation of all hepatic cytochrome enzymes. There is also some evidence that corresponding changes in CYP2E1 and CYP3A may occur. For example, it is known that ethanol consumption can induce not only CYP2E1, but also CYP3A in primary cultures of human hepatocytes 33 and in the intestine. 34 Furthermore, George et al have shown that there is an age-related decline in the overall hepatic cytochrome P450 content, with a specific reduction in CYP2E1 and CYP3A by 5% and 8% per decade of life, respectively. 35 However, other studies dispute this reduction in overall cytochrome P450 content with age 36 and the age-related decline in CYP3A activity. 37 In our baseline (cross-sectional) study, there was a significant negative relationship between baseline hepatic CYP2E1 content and increasing age, but there was no effect of age on hepatic CYP3A4/5 protein expression prior to surgery.
We have previously reported that hepatic steatosis is associated with a decrease in vitro CYP3A activity, but not CYP3A protein content, as tested using human liver microsomes. 23 In the current study, we confirmed these findings and observed no change in CYP3A expression after weight loss, when hepatic steatosis was significantly reduced. A reduction in CYP3A protein activity, but not protein content, suggests that a post-translational mechanism may be responsible for this change. Alcohol-mediated regulation of CYP2E1 has been reported to function through a similar protein stabilization mechanism. 38 A limitation of the current study was that we did not have enough liver tissue to perform cytochrome P450 activity assays. Complete clarification of the relationship between hepatic steatosis and CYP3A activity/function warrants further study.
Some additional limitations of our study require discussion. First, we were unable to gather medication and dietary restriction data for the subjects. For example, we observed a significant reduction in CYP2E1 following weight loss, despite the possibility that some subjects may have had greater CYP2E1 expression induced by alcohol consumption. This is also true for potential confounding dietary factors such as St. John's Wort and grapefruit juice that may affect CYP3A expression levels; however, we did not observe any significant changes in CYP3A4/5 protein content so this was not a major concern for this particular study. It is also important to note that statin usage was likely in this patient cohort, especially prior to surgery, and we were unable to obtain this information. We would like to point out that almost all statins (except pravastatin) are metabolized by CYP3A, but, to our knowledge, no statin medications are significant inducers or inhibitors of CYP2E1 or CYP3A. Second, a common limitation for studies such as ours is the relatively small sample size (n ϭ 20 for the overall analysis and n ϭ 18 for the lipid profile analysis) and the inability to obtain enough liver tissue to perform CYP2E1 or CYP3A activity assays, mRNA expression measurements, or Western blot analyses to quantitate protein expression. This is due to the fact that obtaining liver biopsies from humans, especially "healthy" subjects such as at our postoperative timepoint, is difficult. Third, liver biopsies were taken after the patients had been subjected to systemic anesthetic gases and the liver had sustained local manipulation. 1 The concern with this procedure is the potential for an inflammatory response in the liver that could have manifest itself in the immunohistochemical and/or histologic analyses. However, all biopsies were obtained in an identical manner and any acute physical manipulation of the liver should have had no effect on lipid peroxidation levels or hepatic cytochrome P450 expression. Furthermore, although certain anesthetic agents are substrates for CYP2E1, to our knowledge, none act as significant inhibitors or inducers of CYP2E1 or CYP3A. Fourth, it is important that we acknowledge the lack of blinding in the digital quantification of the immunohistochemical staining, as liver histology is strikingly different before and after bariatric surgery. To prevent this from being a confounding factor for our study results, we standardized staining thresholds for measuring protein expression to prevent bias. Finally, this follow-up substudy included 20 randomly chosen patients from the original cohort of 70 individuals. 1 We acknowledge the possibility that these 20 patients are not representative of the entire bariatric cohort, but believe this is unlikely due to the fact that similar changes in histology and clinical measures were observed in this group of 20 patients and in the entire cohort of 70 patients.
In conclusion, hepatic lipid peroxidation levels are decreased following bariatric surgery and CYP2E1 but not CYP3A4/5 protein expression levels are significantly reduced. There is a strong relationship between the reductions in lipid peroxidation and CYP2E1 protein expression after bariatric surgery. These findings have important implications for both the reduction of liver disease and potential changes in drug metabolism and/or interactions following bariatric surgery-induced weight loss.
